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(57) An LDPC decoder has been designed that has 
reduced power requirements. After an initial parity check, 
the decoder holds in a register a flip indicator array with 
0-values for those bits of the received codeword that sat- 



isfy a parity check, and 1 -values for those bits that fail 
the parity check. In subsequent iterations, updates are 
performed on these bits rather than directly on the data 
bits. As a consequence, power requirements will be re- 
duced. 
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Description 

Field of the Invention 

5 [0001] This invention relates to forward error correcting codes and to decoders that effectively retrieve and restore 
the encoded information through the use of such codes. 

Art Background 

10 [0002] In modem technologies related to high-speed digital communication, as well as those related to the reproduction 
of recorded audio, video, or other data, it is often desirable to restore information that has been corrupted due to signal 
degradation in transmission, or due to damage suffered by the recording medium. Various methods have been used to 
encode signals with redundant information included in the encoded bit stream. At the receiver, the redundant information 
can be used in appropriate algorithms for correcting errors in the received signal. Such methods, which do not require 

15 any feedback from the receiver to the transmitter, are referred to as channel coding or "forward error control" (F EC) coding. 
[0003] In high-speed optical communications, for example, it has proved useful to employ algebraic codes such as 
BCH codes and Reed-Solomon codes forforward errorcorrection. These codes correct, for a given length n and dimension 
k, a predefined number of errors, e. The encoding and decoding complexity increases significantly with increasing block 
length n and redundancy (n-k). 

20 [0004] Although such codes are useful, there has been a need for alternative FEC codes, which are highly effective 
in correcting errors and have a low encoding and decoding complexity. 

[0005] One useful alternative to algebraic codes is provided by so-called low-density parity-check (LDPC) codes. 
LD PC codes are defined by a set of bi nary parity -check equations. An LDPC code of length n and rparity-check equations 
can be specified as the set of all binary vectors x of length nthat fulfill a linear algebraic equation Hx=0, where H is a 

25 r x n binary matrix with entries hjj and 0 denotes the null-vector of length r. This matrix has the property that it has a 
low density of ones. Each row corresponds to a grouping of selected bits of the data word, together with selected check 
bits, and it has the property that the sum of the values of the bits associated by each grouping is 0 modulo 2. 
[0006] Systematic LDPC codes are a type of FEC codes in which the codeword is formed by appending check bits to 
the "data word," i.e., to the sequence of bits representing the original data prior to coding, and the values of the check 

30 bits are adjusted so that the sum of the bits associated by each grouping is 0 modulo 2. Systematic codes have the 
property that the bits of the data word are not modified and can be extracted directly from the codeword. 
[0007] In the decoders for LDPC codes that have hitherto been known, data and check bits of the received codeword 
are held in a register. In each of potentially many iterations, the values of these bits are updated in accordance with the 
results of a parity check. After some number of iterations, this process tends to converge to a state in which the positions 

35 in the register that correspond to uncorrupted bits are storing the as-received values of those bits, whereas those positions 
that correspond to corrupted bits are storing the complements of the as-received values. 

[0008] Although such decoders are useful, they could be made even more attractive by reducing their power require- 
ments. The amount of power that is needed for a calculation in an Application Specific Integrated Circuit (ASIC) is 
typically directly related to the switching activity inside the circuit. Complementary Metal Oxide Semiconductor (CMOS) 
40 technologies and Bipolar CMOS (BiCMOS) technologies, commonly used for ASICs, draw a significant power supply 
current during logic transitions, and a negligibly small leakage current otherwise. This is an attractive low-power feature 
that can be exploited by minimizing the switching activity inside the circuit. 

Summary of the Invention 

45 

[0009] We have developed an LDPC decoder that has reduced power requirements. After an initial parity check, our 
decoder holds in a register 0-values for those bits of the received codeword that satisfy a parity check, and 1 -values for 
those bits that fail the parity check. In subsequent iterations, updates are performed on the bits in this parity register 
rather than directly on the data bits. Because most bits will, in fact, be received without corruption, the register will be 
50 populated mostly with 0-values and the switching activity will be low. As a consequence, power requirements will be 
reduced. 

Brief Description of the Drawing 

55 [001 0] 

FIG. 1 is a graphical representation of an example LDPC code. 

FIG. 2 is a flowchart of a procedure according to the present invention in an exemplary embodiment. 
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Detailed Description 

[0011] FIG. 1 illustrates a (3,4) regular LDPC code of length 20 that is defined by the matrix 
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[001 2] That is, every codeword of this LDPC code is twenty bits long, and each bit of the codeword must satisfy three 
parity conditions, which in this example are linear constraints. Each of the linear constraints involves four bits of the 
codeword. 

[0013] FIG. 1 represents the code in terms of a bipartite graph consisting of nodes interconnected by edges. Nodes 
V= ... V 20 , which belong to array 10, are referred to as "variable nodes." These values may be stored in, e.g., a 
register. Initially, each node is associated with the binary value of a corresponding bit of the received word R= ...R n . 
Nodes C = C V ..C 15 , which belong to array 20, are referred to as "check nodes." Associated with each check node is 
the sum, modulo 2, of all variable nodes that are its neighbors; that is, of all variable nodes that are connected to it by 
an edge, i.e., C= H V T . The binary values associated with the check nodes may be stored, e.g., in a register. It will be 
seen that because the code is (3, 4) regular, every variable node has degree 3 and every check node has degree 4. 
[0014] To illustrate the decoding procedure, consider the situation where the received word R is 
000001 111111111 00000. The first step is to assign R to V. Next, the check nodes C are computed. It will be seen that 
all of the parity sums in array 20 have the value 0. Thus, the codeword represented by array 10 satisfies the parity 
condition. Hence, in this case C = HV T = 0. The decoding process is complete and the decoded word Z= Vis a valid 
codeword. 

[0015] The operation of the decoder is now explained for the situation where the received word R is 
000001 1 1 1 1 101 1 1 00000. This example may represent the situation in which a codeword has been received with an 
error at bit 12. That is, when compared to the previous example, the bit at node V 12 has been changed from 1 to 0. As 
a consequence, the parity sums at nodes C 5 , C 6 , and C 14 have changed from 0 to 1 . 

[0016] In accordance with the operation of the decoder, the parity check bits are passed from each check node back 
to its neighboring variable nodes. At each variable node /, the incoming parity sums are added and compared with a 
threshold value 7jM, where / indicates the iteration number. Let S= (S^,...,S^ denote the parity sums for each variable 
node, such that S jt where 1 < /< n,. represents the result, at each respective variable node, of adding up the parity sums 
that have been passed back. For this example, Sis (1,0,0,1,1,1,0,1,1,0,0,3,0,0,0,1,0,1,0,1). The respective values of 
C, S and Vare specified for each iteration in Table 1 . 
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Table 1 



t 


7t0 
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00000111111011100000 
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000011000000010 


(1,0,0,1,1,1,0,1,1,0,0,3,0,0,0,1,0,1,0,1) 


00000111111111100000 
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000000000000000 


(0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0) 


00000111111111100000 
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[0017] It follows that the total stored at node S 12 is 3, whereas the totals stored at all other variable nodes are less. 
A threshold test is applied to the total stored at each node, using, e.g., a comparator circuit adjusted to an appropriate 
threshold. If the total stored at any variable node equals or exceeds the threshold, the bit stored at the corresponding 
position in array 10 is replaced by its binary complement. Thus, if the threshold in the present example is set at 3 for all 
nodes, the bits of the codeword at variable nodes 1-11 and 13-20 will be unchanged, but the bit at node 12 will be 
reversed. The next step is to determine the parity check sums for the updated values at the variable nodes. It can be 
verified that in this example the parity sums C v ..C r are equal to the all-zero vector and therefore the variable nodes 
V v ..V n now contain a valid codeword. 

[001 8] In general, the process described above will be iterated. Different thresholds may be used for different variable 
nodes and for different iterations. It is generally beneficial for the threshold to slightly vary with increasing iteration 
number. The thresholds may be pre-set or adaptive. After each iteration, the variable node bits, as represented in array 
10, are updated. The procedure continues until the parity-sums C,...C r become equal to the all-zero vector, after which 
the sequence stored in the variable nodes V v .. V n , a valid codeword, are output. If the parity-sums are not satisfied after 
a certain maximum number of iterations, the decoder stops and typically outputs the received word to avoid introducing 
extra errors. 

[0019] We have found that a modification of the above procedure is useful for reducing power consumption in the 
digital processing device in which information in the array of variable nodes 1 0 and the array of check nodes 20 is stored. 
[0020] According to our modified procedure, array 1 0 is, as before, an actively updated array of variable nodes, which 
initially stores the received word. However, the functionality of these nodes changes during the first iteration. After the 
first and every subsequent iteration, the array 10 instead stores a flip indicator for each respective bit of the codeword. 
Accordingly, array 10 will in this context be referred to as the "flip-indicator" array, which can actually be stored at the 
same memory locations as the variable node array V. 

[0021] The modified procedure will now be described in further detail with reference to FIG. 2. At block 30 of FIG. 2, 
the array of variable nodes 1 0 (as seen in FIG. 1 ) are loaded with the bits of the received word R , as described above. 
At block 40, parity sums C - H 1A are computed at the check nodes, as described above. 

[0022] At this point, the procedure takes on certain modified features. Array 10, which will hereafter function as a 
flip-indicator array, is initialized to contain all zero entries, as indicated at block 50 of FIG. 2. In addition, the computed 
values of the check nodes Cy ...C r are stored in an array M =M v .M r 
[0023] Then, as indicated at block 60, the sums 



40 



r 



are determined by ordinary and not by modular arithmetic. Each sum S y is subjected to a threshold test as described 

above. If the sum Sj is greater or equal than the threshold 71° , the flip-indicator value Vj is inverted, i.e., V y is updated 
according to Vj <- V } © 1 , wherein the symbol © denotes the exclusive-or (XOR) operation, which is equivalent to Vj <- 
Vj + 1 modulo-two addition. 

[0024] Then, as indicated at block 70, each check node C v ..C r is updated by adding to its initial value M h via an XOR 
operation, the new values ... V n sent to it by each variable node in the neighborhood of C v The resulting sum at each 
check node constitutes a new parity sum. If the parity checks C v ..C r are identical to the all-zero vector, the decoding 
operation is complete and the decoded word Zis, as indicated in block 80, equal to R®V . Otherwise, control then returns 
to block 60, where the sums Sy are recomputed and the variable nodes V, ... V n are updated subject to the threshold test. 
The procedure continues until the parity checks C,...C r become equal to the all-zero vector or the number of iterations 
r exceeds a predefined value 7^. If the latter is the case, and C v ..C r is not the all-zero vector, the result of the decoding 
process is inconclusive and the decoder has not been able to find a valid codeword. It then typically outputs, as indicated 
in block 90, the received word f?to avoid the insertion of decoding errors. 

[0025] As an example that illustrates the decoding process, we introduce the codeword V=1 01 01 001 111 001 11110. 
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Assume that during transmission, three errors occur at, respectively, positions 2, 5, and 15 of the codeword. Thus, the 
received word ft will have the form ft =1 11 00001 1 11 001 01 01 1 0 . We decode using a threshold scheme (7t 1 ), 7t 2 ), 7t 3 ), 

7W, 7t»>) = (3, 2, 3, 3, 3) , where Tj° = 7*° for every variable node j . The parity-check vector C takes the values 
5 01 1010101 100001. Atthe variable nodes, we obtain the sum vector S= (0,2,1, 1,3,1 ,1,2,2,1, 1,1, 2,1 ,2,2,1,2,1,1). Applying 
the first threshold 7tD = 3 , we obtain the flip-indicator vector V= 00001000000000000000 . In subsequent iterations in 
which the respective thresholds are applied, we obtain the vectors at the variable nodes and the corresponding flip-in- 
dicator vectors listed in Table 2. 



w Table 2 
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7t<> 


C — . . . C r 




v= v v ..v n 
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011010101100001 


(0,2,1,1,3,1,1,2,2,1,1,1,2,1,2,2,1,2,1,1) 


00001000000000000000 
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011000101000000 


(0,2,1,1,0,0,1,1,1,1,0,0,1,1,2,2,0,1,0,1) 


01001000000000110000 


3 


3 


001000100000010 


(0,1,1,1,0,0,0,1,1,1,0,1,1,0,1,3,0,0,0,0) 


01001000000000100000 



[0026] It can be easily verified that convergence is reached after three iterations, because at the end of the third 
iteration, the check node vector will be the all-zero vector. It is therefore not necessary to perform further iterations. 
[0027] Note that one could as well perform the test for an all-zero vector just before the operation in block 60 instead 
of just after block 70 (as shown in FIG. 2). 

[0028] It should be noted that the particular flow depicted in FIG. 1 serves only as an example to illustrate the new 
method. 

[0029] For pedagogical purposes, the example given above has involved a relatively short code. In general, the longer 
the code, the better will be the performance of the decoder. In practice, code lengths may be as high as 30,000 or even 
more. However, in contrast to conventional approaches, in our approach the power consumption depends mainly on 
the error fraction and not directly on the data that is transmitted. As a consequence, very great efficiencies are achieved 
in high rate codes and in long codes when error rates are relatively low. 
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Claims 

1. A decoding method, comprising: 

a) performing a parity check on the bits of a received word; 

b) responsively to the outcome of the parity check, computing flip decisions for the bits of the received word, and 

c) repeating (a) and (b) at least once, wherein in each repetition of (a) the parity check is responsive to the 
current set of flip decisions, 

CHARACTERIZED IN THAT: 

d) step (b) and each repetition thereof comprises setting a respective indicator bit for each bit of the received 
word, such that the setting of the indicator bit indicates whether the corresponding bit of the received word 
should be flipped; and 

e) each repetition of (a) takes as input the values of the indicator bits in lieu of bit values of the received word. 

2. The method of claim 1 , further comprising, after a final repetition of step (b), updating the received word according 
to the values of the indicator bits. 

3. The method of claim 1 1 wherein each parity check comprises computing parity sums, each parity sum involves a 
plurality of bits of the received word, and each bit of the received word that is subject to a parity check is involved 
in a plurality of parity sums. 

4. The method of claim 3, wherein: 

in the parity check corresponding to the first execution of step (a), each parity sum is obtained by summing bits 
of the received word and the resulting parity sums are stored; and 

in the parity check corresponding to each repetition of step (a), each parity sum is obtained by adding a sum 
of current indicator bits to one of said stored parity sums from said first execution of step (a). 
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The method of claim 1 , wherein the first execution of (a) results in a plurality of computed check bits that are stored 
for later use, and in each repetition of (a), new parity bits are computed from the current indicator bits together with 
the stored computed check bits. 



A decoder, comprising: 



a) a codeword register for storing a received word; 

b) means for computing parity sums, arranged such that each parity sum relates to a plurality of bits of the 
received word and each bit of the received word relates to a plurality of parity sums; 

c) a summing circuit arranged to compute a total parity sum for each bit of the received word; and 

d) a conditional circuit arranged to issue, for each bit of the received word, an indication that the state of said 
bit should be flipped if the pertinent total parity sum passes a threshold test; 

CHARACTERISED BY: 

e) an indicator register for storing a plurality of indicator bits, each said indicator bit corresponding to a respective 
bit of the received word, wherein the indicator register is arranged to be updated in response to the flip indications 
issued by the conditional circuit; and 

f) a logic circuit arranged to flip selected bits of the stored received word, as indicated by the bit values in the 
indicator register. 



The decoder of claim 6, further comprising a storage register for storing an initial plurality of parity sums, and wherein 
the means for computing parity sums are arranged to update the parity sums from the contents of the storage register 
together with current values of the indicator bits. 
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FIG. 2 
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